Alumina nanoparticles were directly synthesized by spray pyrolysis using radiofrequency (RF) plasma. The mist that was generated from the aqueous solution of aluminum nitrate by using an ultrasonic vibrator was continuously pyrolyzed in the RF plasma. Scanning-electron-microscope and transmission-electron-microscope images showed that as-prepared alumina nanoparticles exhibited spherical morphology with non-aggregation. The particle size and geometrical standard deviation of the alumina nanopowders obtained at 3000°C were 80 nm and 1.41, respectively. The average particle size of the alumina nanopowders decreased with increasing pyrolysis temperature. The average particle size and particle size distribution of the alumina nanopowders were independent of the concentration. X-ray diffraction revealed that as-prepared alumina nanopowders were crystallized to £-alumina. The crystallinity of the as-prepared alumina nanopowders increased with increasing pyrolysis temperature. BET revealed that the specific surface area (SSA) increased with increasing pyrolysis temperature. The as-prepared alumina nanopowders had a high SSA of 100 m 2 /g at 3,000°C.
Introduction
Spray pyrolysis is considered a promising method for preparing oxide and metal powders. 1)4) The mist generated with an ultrasonic vibrator 5) or a two-fluid nozzle 6) is pyrolyzed to form solid particles at high temperatures. The characteristics of the particle obtained by spray pyrolysis are as follows: (1) spherical morphology, (2) dense or hollow microstructures, (3) narrow particle size distribution, and (4) nonaggregation. Furthermore, powders with homogeneous chemical composition are obtained because the starting solution component is present in the mist. Each metal ion blends uniformly in the mist, in which it plays the role of a micron-sized reactor. This method is confirmed to be effective for synthesizing multicomponent oxide powders such as barium titanate 7) and alloy powders such as AgPd. 8) The preparation time for obtaining the final powders by spray pyrolysis is very short (less than 1 min) as compared to the time required for liquid phase reactions, such as solgel, hydrothermal process, and precipitation. Various liquid phase processes were applied to prepare alumina nanoparticles, 9)13) but these methods require more than a few hours because they involve various processes such as separation, drying, and calcination. This is a disadvantage as compared with spray pyrolysis. In spray pyrolysis, when the mist passes through an electric furnace, the mist size decreases drastically from the order of micrometers to submicrometers. However, it is difficult to prepare nanosized particles by spray pyrolysis using an ultrasonic vibrator because nanomists of particle size less than 100 nm could not be generated. In addition, ultrasonic spray pyrolysis leads to the formation of amorphous powders from inorganic salts such as aluminum nitrate, for which the pyrolysis has to be performed at higher temperatures. These problems were solved by pyrolyzing the mist in a flame using arc plasma in air atmosphere for spray pyrolysis.
14) The flame derived from arc plasma easily and gradually turns unstable during the long-time operation in air atmosphere because of the intense consumption of the electrode. Therefore, we attempted to synthesize crystalline alumina nanoparticles by the spray pyrolysis using the RF plasma in Ar atmosphere. In this paper, the synthesis and powder characterization of crystalline alumina nanopowders by spray pyrolysis using RF plasma are described. Figure 1 shows the schematic diagram of the spray pyrolysis apparatus with the RF plasma as the heating zone. The apparatus consists of a mist chamber, plasma zone, RF generator, and powder collector. The flame was generated in the plasma zone by heating by means of the RF coil. The concentration, flow rate, and pyrolysis temperature were examined as the synthesis parameters. Aluminum nitrate [Al(NO 3 ) 3 ·9H 2 O] was used as a starting material, and it was dissolved with the double distilled water. The concentration of the starting solution ranged from 0.1 to 0.5 mol/dm 3 . The mist of the starting solution was generated at 2.4 MHz by an ultrasonic vibrator in the mist chamber. The mist was introduced into the plasma zone with an Ar carrier gas of 0.083 dm 3 /s and was pyrolyzed by the RF plasma in the Ar atmosphere. The temperature of the plasma zone was measured by a radiation pyrometer. The temperature was varied from 1,000 to 3,000°C by the RF generator. After the mist passed through the RF plasma in less than a few seconds, as-prepared alumina nanopowders were collected using a mesh-type filter in a powder collector. The average particle size, particle morphology, microstructure, and aggregation state of the as-prepared alumina nanopowders were determined by using a transmission electron microscope (TEM) (TEM, JSM-2000, JEOL) and a scanning electron microscope (SEM) (SEM, JSM-6390, JEOL). The average particle size and geometrical standard deviation (· g ) of the as-prepared alumina nanopowders were measured using the SEM image (200 particles) and using a laser-type particle size analyzer (Otsuka Electronics, FPAR-600). The crystal phase of the as-prepared alumina nanopowders was observed using a powder X-ray diffraction (XRD, XRD-6100, Shimadzu) apparatus using Cu K¡ radiation. The water and undecomposed nitrate in the as-prepared alumina nanopowders was observed through a thermogravimetry differential thermal analysis (TGDTA, Shimadzu, DTG-60). The specific surface area (SSA) of the as-prepared alumina nanopowders was measured by a BET method based on N 2 adsorption (BELSORP-mini, BEL JAPAN). Figure 2 shows the SEM (a) and TEM (b) images of the asprepared alumina nanoparticles obtained at 0.1 mol/dm 3 and 3,000°C. The yield of the as-prepared alumina nanopowders was 30%. When the concentration of starting solution was 0.5 mol/dm 3 , the yield of the as-prepared alumina nanopowders increased to 60%. This result suggests that the almost nanoparticles passed though the filter mesh. This problem can be solved by using an electrostatic precipitator. The SEM image revealed that the as-prepared alumina nanoparticles had spherical morphology and exhibited non-aggregation. Hollow particles or irregular morphologies were not observed. Further, the TEM image revealed that the as-prepared alumina nanoparticles had a dense microstructure with a smooth surface. Aluminum nitrate was considered thoroughly decomposed. Figure 3 shows the particle size distribution of the as-prepared alumina nanopowders shown in Fig. 2 . The particle size distribution was determined using a laser-type particle size analyzer. The particle size of the as-prepared alumina nanopowders ranged from 30 to 120 nm. The average particle size of the as-prepared alumina nanoparticles was 80 nm. The diameter of the mist particles as calculated using Lang's equation 15) was about 3¯m. It was found that this mist shrank drastically and was converted to nanoparticles of size 80 nm for a few seconds. A series of steps, such as dehydration from the mist, decomposition of aluminum nitrate, formation of solid particles, and crystallization occurred within few seconds. The · g of average particle size is 1.41. This finding suggests that the alumina nanopowders had a broad particle size distribution owing to the broad distribution of mist size. Coalescence of the mist was attributed to the radiant heat from the plasma zone before the mist arrived in the plasma zone. Figure 4 shows TGDTA curves of the as-prepared alumina nanoparticles obtained at 0.1 mol/dm 3 and 3,000°C. No endothermic and exothermic peaks were observed in the DTA curve. Weight loss was less than 0.02 wt % according to the TG curve. If residual aluminum nitrate is present in the as-prepared alumina nanopowders, the endothermic peak corresponding to the nitrate ion must be observed at temperatures of 8001000°C. However, no endothermic peak was observed in the case of the as-prepared alumina nanopowders. Therefore, the as-prepared alumina nanopowders are considered free of residual aluminum nitrate. (JCPDS card 42-1468) and an unknown substance were slightly observed at 2000°C. The unknown peak was considered to correspond to an intermediate phase of alumina. The height of each diffraction peak increased with increasing temperature of the RF plasma. This behavior suggests that the crystallinity of alumina nanopowders also increased with increasing plasma temperature. The crystalline £-alumina nanopowders were directly obtained by pyrolysis using the RF plasma. In this work, the residence time of the mist in the plasma zone was few seconds. Therefore, we conclude that the alumina particles passed through the plasma zone before the alumina particles crystallized to ¡-alumina, and the alumina particles returned to the £-alumina state upon subsequent quenching. In this work, it was difficult to secure a residence time of more than few seconds because the plasma zone could not be extended. Single ¡-alumina nanopowders can be obtained if the mist is pyrolyzed at temperatures exceeding 3000°C. Figure 6 shows the changes in the average particle size and the SSA with the pyrolysis temperature. The average particle size and SSA of the as-prepared alumina nanopowders were 300 nm and 30 m 2 /g, respectively, at 1000°C. The SSA calculated from the average particle size was 5 m 2 /g. The measured and calculated values differ greatly. This suggests that mesopores exist in alumina nanoparticles. However, the existence of mesopores was not clear from the SEM and TEM images. The average particle size of the as-prepared alumina nanopowders decreased to 80 nm with increasing pyrolysis temperature. The SSA of the as-prepared alumina nanopowders increased with increasing pyrolysis temperature. Their SSA was 100 m 2 /g when pyrolysis was performed at 3000°C. This suggested that the as-prepared alumina nanoparticles comprised secondary particles formed by aggregating the primary particles. Thus, the as-prepared alumina nanoparticles had high capability of gas adsorption because of high SSA. Figure 7 shows the changes in the average particle sizes and · g with changes in concentration. The pyrolysis temperature was 3,000°C. The average particle size of alumina nanopowders increased slightly with the concentration. The average particle size was expected to depend on the concentration in pyrolysis using RF plasma. This result suggests that the concentration of the solid particles in the mist increases with the concentration of the starting solution. On the other hand, the value of · g was also independent of the concentration. We reported earlier 16) ,17) that the particle size distribution derived from the spray pyrolysis of inorganic salts is independent of the concentration of the starting solution, which ranged from 0.1 to 1.0 mol/dm 3 . Therefore, the particle size distribution is assumed to depend only on the size distribution of the mist generated by the ultrasonic vibrator. Because · g remained constant, the profile of particle size distribution was considered almost same in the range 0.10.5 mol/dm 3 . Hence, the mist was considered to be uniformly pyrolyzed in the RF plasma zone in this range of particle size.
Experimental procedure

Results and discussion
Conclusion
Crystalline £-alumina nanopowders were prepared by spray pyrolysis using RF plasma. The results indicated that ¡-alumina and an intermediate phase were present in the as-prepared alumina nanopowders at 2000°C. The SEM and TEM images showed that the as-prepared alumina nanoparticles had spherical morphology with a size of 80 nm and a broad particle size distribution. The particle size increased slightly with increasing concentration of the starting solution. The particles size distribution was independent of the concentration of the starting solution. BET measurements revealed that the as-prepared alumina nanoparticles had high SSA. The SSA also increased with increasing pyrolysis temperature. Thus, the use of RF plasma was effective for preparing crystalline oxides by spray pyrolysis. It is expected that the obtained £-alumina nanoparticles can be utilized as catalyst supports for automobile and industrial applications. Journal of the Ceramic Society of Japan 125 [6] 539-542 2017
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